Introduction
A hallmark of an adaptive immune response is differentiation and clonal expansion of T effector cell (Teff) populations, including Th1, Th2, Th17 cells, and Tregs (1) (2) (3) (4) . T cell immunoglobulin and mucin domain protein (TIM) family proteins are type I membrane glycoproteins containing common structural motifs, namely an Ig V domain, a highly glycosylated mucin domain, and a cytoplasmic domain (5) (6) (7) . TIM proteins are critical regulators of the balance between various effector and Tregs subsets (6, 8) . TIM-3, first identified as a cell surface molecule expressed by fully differentiated Th1 cells (9) , is also expressed by some Th17 cells (10) and by mouse CD11c + DCs (11) . The role of TIM-3 has been studied in Th1-and Th17-driven immune responses (7, 9, 10, 12) . Galectin-9, expressed by a variety of cells including Tregs, is a ligand for TIM-3 (13) . The stereospecific interaction of TIM-3 expressed upon fully differentiated Th1 cells with galectin-9, a molecule expressed by Tregs, triggers the selective death of TIM-3 + Th1 cells (13) . In mice, the use of Tim3 -/-recipients or blockade of the interaction of TIM-3 with its ligands by TIM-3-Ig in wild-type recipients prevents the acquisition of dominant-type tolerance to MHC-mismatched allografts or nominal antigen (7, 14) . TIM-3 and program death 1 (PD-1), another death molecule (15) (16) (17) , are expressed by exhausted, dysfunctional Teffs, a population unable to proliferate or produce cytokines vigorously (18, 19) . Overall, these studies implicate an important role for TIM-3 and PD-1 in governing the homeostasis of Th1/Th17 adaptive immune responses through the termination of the function and survival of these cytopathic T cells.
Tregs play a pivotal role in creation of donor-specific transplant tolerance (3, 20, 21) . The TIM-3 to TIM-3 ligand interaction, almost certainly using galectin-9 as the TIM-3 ligand, is crucial for the induction of transplant tolerance (6, 7) . In this study, we identify and characterize a subset of CD4 + FoxP3 + TIM-3 + PD-1 + Tregs, which increase in frequency and heavily infiltrate the transplant as the allograft response proceeds. We hypothesized, albeit incorrectly, that the TIM-3 + Tregs, which are often PD-1 + as well, would be functionally impaired with respect to expression of Treg effector molecules and proliferation, as are TIM-3 + Th1 cells. To the contrary, we found that these cells possessed potent regulatory capacity in vitro but proved fragile when passively transferred into newly transplanted hosts. The characterization, origins, and role in immune system homeostasis of this Treg subset are explored.
Results
The number and frequency of CD4 + FoxP3 + TIM-3 + T cells, which are often PD-1 + as well, present during the allograft response peaks at the time of allograft rejection. CD4 + TIM-3 + Foxp3 + cells constitute about 2% to 5% of the total CD4 + FoxP3 + population in the LNs and spleens of normal, nontransplanted C57BL/6 Foxp3GFP-KI (FoxP3 indicator) mice. The number and frequency of CD4 + TIM-3 + Foxp3 + cells increases with time after transplantation in the draining LNs (dLNs) and spleens of C57BL/6-KI recipients of BALB/c skin allografts as compared with that in recipients of syngeneic grafts. The number of CD4 + TIM-3 + Foxp3 + cells in dLNs and spleens, of which approximately two-thirds coexpress PD-1 (described below), peaked at day 7 after transplantation, the time of rejection, and fell to basal levels by day 11 after transplantation ( Figure 1, A and B) . At this time, CD4 + Foxp3 + TIM-3 + cells constituted 10%-15% of the CD4 + FoxP3 + cells in dLN but were present in lesser abundance in nondraining LN and spleen (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI45138DS1). About 40% of graft-infiltrating FoxP3 + cells were TIM-3 + at day 5 after transplantation ( Figure  1C ). Of these graft-infiltrating TIM-3 + Tregs, approximately half were PD-1 + (data not shown).
In the response to donor-specific transfusion CD4 + FoxP3 + TIM-3 + cells are donor specific. As the number and frequency of CD4 + FoxP3 + TIM-3 + cells peaked at time of rejection and then fell to basal levels, we hypothesized that many CD4 + FoxP3 + TIM-3 + cells may be donor reactive. We tested this hypothesis in a tolerance-promoting donorspecific transfusion (DST) model. In this model, DBA/2 splenocytes (H-2d, Mlsa) are transfused into BALB/c mice (H-2d, Mlsb), thereby stimulating expansion of donor-reactive Mlsa-specific Vβ6 + , but not Mlsa unresponsive Vβ8 + , CD4 + T cells (22, 23) . Five days after DST, we analyzed spleens of DST-treated and control mice and noted a significant increase (P < 0.0001) in the percentage of CD4 + TIM-3 + Foxp3 + cells in the spleens of mice infused with DBA/2 DST (Figure 2A) . Notably, this increase was associated with a 2. Figure 3A ). We next probed whether CD4 + FoxP3 + TIM-3 + cells arise from a CD4 + FoxP3 + TIM-3 -subset upon activation and/or whether a preexisting TIM-3 + fraction of Tregs proliferate in the presence of IL-2. The TIM-3 -Tregs were sorted from spleens of normal C57BL/6 mice and cultured as above in the presence or absence of anti-CD3, anti-CD28, and IL-2. Cultivation of TIM-3 -Tregs with anti-CD3 and anti-CD28 induced expression of TIM-3 on approximately 13% of TIM-3 -FoxP3 + cells ( Figure 3B ). In the absence of anti-CD3, TIM-3 expression was not induced (Figure 3B ). While IL-2 enhances acquisition of the TIM-3 + phenotype by TIM-3 -Tregs cultured with anti-CD3 and anti-CD28, in the absence of anti-CD3, IL-2 does not induce expression of TIM-3.
We next determined whether CD4 + FoxP3 + TIM-3 + Tregs arise in vivo from CD4 + FoxP3 + TIM-3 -Tregs. CD4 + GFP + (FoxP3 + )TIM-3 -Tregs, for which GFP is an indicator for FoxP3, (~97% pure) were sorted from BALB/c-KI mice 5 days after DBA/2 DST infusion and injected into BALB/c Rag2 -/-recipients grafted with DBA/2 skin. Three weeks after injection, 30% of GFP + Tregs in spleens expressed TIM-3 ( Figure 3C ). Interestingly, a similar proportion of TIM-3-expressing GFP + Tregs was also observed in ungrafted BALB/c Rag2 -/-mice ( Figure 3D ), indicating that expansion during homeostatic proliferation drives TIM-3 expression upon activation on a subpopulation of Tregs. Thus, TIM-3 expression is induced upon CD4 + FoxP3 + TIM-3 -Tregs as a consequence of various stimuli that provoke proliferation of this subset.
Figure 1
The number of CD4 + FoxP3 + TIM-3 + T cells within dLNs and spleens arising during the allograft response peak at graft rejection. Fully allogeneic BALB/c (H-2d) or syngeneic C57BL/6 (H-2b) fullthickness body skin was grafted on the lateral thorax of FoxP3 GFP-KI reporter C57BL/6 (H-2b) mice. C57BL/6-KI mice reject the BALB/c skin graft on day 7. The number of FoxP3-GFP + TIM-3 + cells in (A) dLNs and (B) spleens from skin transplant recipients was determined by flow cytometry (n ≥ 8 mice). (A and B) The TIM-3 + FoxP3 + T cells within dLNs and spleens peaked at the time of rejection and were more numerous in allogeneic as compared with syngeneic grafted hosts. Data are presented as mean ± SEM; *P < 0.05; **P < 0.01. (C) Gated CD4 + GFP + FoxP3 + cells harvested from collagenase digested allogeneic skin transplants were analyzed for TIM-3 expression by flow cytometry. (13) or exhausted Teffs (18) . As TIM-3 + Teffs stain positive for cell surface phosphatidylserine (annexin V + ) and fail to exclude vital dyes (13), we hypothesized that Foxp3 + TIM-3 + cells would manifest signs of exhaustion and ongoing apoptosis. To test our hypothesis, skin-grafted mice were injected with BrdU i.p. 24 and 16 hours prior to cell harvesting. Surprisingly, 2.5 times more proliferating cells were found within the Foxp3 + TIM-3 + subset as compared with Foxp3 + TIM-3 -subset in the dLNs ( Figure 4A ) and spleens (data not shown). The PD-1 programmed death marker is upregulated on activated Tregs (24) , and coexpression of PD-1 with TIM-3 on Teffs has been linked to T cell exhaustion (25) . Over 70% of Foxp3 + TIM-3 + cells, while only 30% of Foxp3 + TIM-3 -cells, in the dLNs of these mice expressed PD-1 ( Figure 4B ). To further test our hypothesis, we analyzed CD4 + Foxp3 + TIM-3 + cells from dLNs and spleens of C57BL/6-KI recipients of BALB/c allogeneic skin on day 7 after transplantation by staining with annexin V, a probe that binds surface phosphatidylserine, and with a viability dye. As compared with the TIM-3 -Foxp3 + subset, 50% more CD4 + Foxp3 + TIM-3 + cells were stained by annexin V ( Figure 4C ). We consistently observed a trend toward a higher percentage of annexin V + Tregs in the TIM-3 + population, a population that also expressed PD-1 (Supplemental Figure 2) . More interestingly, in comparison with TIM-3 + PD-1 -Tregs, the TIM-3 + PD-1 + Tregs showed a clear increase (P = 0.0008) in the intensity of annexin V staining, as demonstrated by MFI values (Supplemental Figure 2 ), indicating that Tregs coexpressing TIM-3 and PD-1 are more likely to perish. However, CD4 + Foxp3 + TIM-3 + annexin V + cells excluded LIVE/DEAD blue, a dye that identifies dead cells. In contrast, 85% of CD4 + Foxp3 -TIM-3 + Teffs were stained by annexin V, of which one-third to one-half of these cells were dead, as deduced by staining with the cell viability dye ( Figure  4C ). Contrary to our hypothesis, the Foxp3 + TIM-3 + PD-1 + or Foxp3 + TIM-3 + PD-1 -cells, subsets that arise during the allograft response, proliferated vigorously and were not exhausted or functionally impaired as Tregs.
Testing the hypothesis that CD4 + Foxp3 + TIM-3 + cells are vulnerable to galectin-9-induced death signals. Galectin-9 is a TIM-3 ligand that triggers apoptotic death of TIM-3 + Teffs over a period of 2 to 4 hours in vitro (13) . As CD4 + Foxp3 + TIM-3 + cells obtained from spleens excluded vital dyes ( Figure 4C ), we tested whether these cells die after interaction with galectin-9 ex vivo. GFP + Foxp3 + cells were sorted from spleens of C57BL/6-KI recipients of allogeneic skin grafts on day 7 and cultured with 0.5 μM galectin-9/PBS for 4 hours. By 4 hours after treatment, 41.5% of CD4 + Foxp3 + TIM-3 + cells were dead while 13.4% of Foxp3 + TIM-3 -cells died in the presence of galectin-9. (Figure 4D ). Seventy-five percent of CD4 + Foxp3 + TIM-3 + cells obtained from spleens of grafted mice on the day of rejection were annexin V + ( Figure 4C ). This population is fragile, because after sorting for GFP + FoxP3 + cells only 12% CD4 + Foxp3 + TIM-3 + cells stained as annexin V + ( Figure 4D , t = 0). During sorting, about 70% of CD4 + Foxp3 + TIM-3 + cells were lost, indicating that the lost cells were composed of the early apoptotic population of annexin V + TIM-3 + cells. Although Foxp3 + TIM-3 + cells were not dead or exhausted at time of rejection, they were sensitive to galectin-9 and thus may be short lived. 
FoxP3 + TIM-3 + Tregs are better suppressors in vitro than TIM-3 -Tregs and robustly express several Treg effector molecules.
We compared the suppressive capacity of FoxP3 + TIM-3 + regulatory cells and TIM-3 -Tregs in an in vitro mixed lymphocyte reaction (MLR). BALB/c-KI-TIM-3 + /TIM-3 -Tregs were obtained from spleens by cell sorting 5 days after DBA/2 DST. Interestingly, TIM-3 + Tregs were more potent suppressors than the TIM-3 -Tregs at all Teff/Treg ratios studied (P < 0.01; Figure 5A ). As Foxp3 + TIM-3 + cells demonstrate more potent in vitro Treg effector function than their TIM-3 -counterparts, we hypothesized that these cells robustly express Treg effector molecules. Hence, we analyzed mRNA and cell surface level expression of various Treg effector molecules of Foxp3 + TIM-3 + and Foxp3 + TIM-3 -cells from dLNs of C57BL/6-KI recipients of allogeneic skin grafts on day 7. RNA was isolated from Foxp3 + TIM-3 + and Foxp3 + TIM-3 -cells obtained from dLNs of 30 to 35 pooled C57BL/6-KI-grafted mice. The gene and protein expression of CTLA-4, a vital Treg effector molecule whose expression is directly controlled by FoxP3 (26) , was more robustly expressed by TIM-3 + Foxp3 + cells than Foxp3 + TIM-3 -cells in the dLNs ( Figure 5 , B and C). Moreover, 54.5% of CD4 + Foxp3 + TIM-3 + cells expressed CTLA-4 in contrast to only 20.8% of CD4 + Foxp3 + TIM-3 -cells (Figure 5C ). The CD39 and CD73 ectonucleotidases are coexpressed upon Tregs but not on Teffs and mediate adenosine-dependent immune suppression by Tregs (27) . Interestingly, approximately 98% of CD4 + Foxp3 + TIM-3 + cells expressed CD39, in contrast to approximately 76% of CD4 + Foxp3 + TIM-3 -cells. A marked increase (2-to 2.5-fold) in the cell surface expression of CD39, but not of CD73, was observed among Foxp3 + TIM-3 + cells in comparison to the that in the Foxp3 + TIM-3 -subset ( Figure 5 , B and C). IL-10 and TGF-β are key mediators of suppression by Tregs in vivo (4, 28, 29) . In comparison to Foxp3 + TIM-3 -cells, Foxp3 + TIM-3 + cells more robustly expressed IL-10 transcripts, and only an approximately 1.5 times increase in TGF-β transcripts was observed ( Figure 5B ). In comparison to CD4 + Foxp3 + TIM-3 -cells, 3 times more IL-10 protein expressing Tregs were present within the CD4 + Foxp3 + TIM-3 + cell compartment ( Figure 5C ). Galectin-9, moderately expressed on activated Tregs, binds to TIM-3 and aids termination of Teff responses by inducing death of TIM-3 + Th1/ Th17 cells (13, 14) . In contrast to other tested Treg effector molecules, galectin-9 was markedly reduced in the Foxp3 + TIM-3 + cells as compared with that in the Foxp3 + TIM-3 -cells ( Figure 5B ). IL-2 interaction with the trimolecular IL-2R complex, a complex that includes CD25, plays a key role in proliferation and maintenance of Tregs in the periphery (20, 30) . Tregs express high copy num- bers of CD25 transcripts and cell surface protein (30) . Analysis of CD25 surface expression revealed, ≥ 95% of Foxp3 + TIM-3 + cells expressed CD25, and the cell surface copy number was 2.5 times that of Foxp3 + TIM-3 -cells ( Figure 5C ). Hence, in comparison with Foxp3 + TIM-3 -cells, a greater proportion of TIM-3 + Foxp3 + cells not only expressed surface and soluble Treg functional markers in greater abundance but also CD25. Of the tested Treg markers, only galectin-9, the TIM-3 ligand, was downregulated on this subset of Tregs ( Figure 5B ). This situation may result from galectin-9-mediated death of TIM-3 + Tregs after contact with galectin-9 + Tregs. Galectin-9 hi TIM-3 hi Tregs may be subjected to elimination.
In Figure 6 ). However, DBA/2 skin grafts on mice injected with TIM-3 -Tregs and Teffs survived (MST, >120 d, n = 6) far longer than those on the mice injected with TIM-3 + Tregs and Teffs ( Figure 6 ). Thus, and superficially paradoxical to the short term (72 hours) in vitro data, TIM-3 + Tregs were less potent suppressors in a more prolonged, several weeks long in vivo suppression assay than TIM-3 -Tregs. In BALB/c-KI mice injected with DBA/2 DST, the frequency of annexin V + cells was 3-fold higher within the TIM-3 + Treg subset as compared with that within the TIM-3 -Treg subset after 5 days (Supplemental Figure 3) . A clear increase in the intensity of annexin V staining was also observed for TIM-3 + Tregs as compared with that for TIM-3 -Tregs. To be effective in the in vivo assay, annexin V staining TIM-3 + PD-1 + cells, bearing 2 death molecules, are likely to be already programmed for death, and Tregs must survive for a far longer period than they do in the MLR. It seems likely that many TIM-3 + Tregs, which are usually PD-1 + as well, perish during the prolonged in vivo assay test period. Hence, TIM-3 + PD-1 + Tregs are paradoxically potent yet fragile. As the frequency of TIM-3 + Tregs is small, we could not compare potency of TIM-3 + PD-1 + with TIM-3 + PD-1 -Tregs in an in vivo transfer system. Discussion TIM-3, initially described as a Th1-specific marker belonging to the TIM family of proteins, fosters the specific elimination of TIM-3 + Teffs, e.g., Th1 and Th17, on interaction with its ligand galectin-9 (7, 13, 14, 18) . Often coexpressed with TIM-3, PD-1 is also a marker expressed upon underperforming dysfunctional CD4 + and CD8 + T cells (18, 19) . Based on these studies, we hypothesized that TIM-3 expression on Tregs would identify a senescent or exhausted subpopulation of Tregs.
In a fully allogeneic mouse skin transplant model, we have identified a subset of graft-infiltrating Tregs that expresses TIM-3 (ca. 40% of all graft-infiltrating Tregs as rejection becomes apparent), of which, about half coexpress PD-1 (data not shown). The number and frequency of CD4 + FoxP3 + TIM-3 + cells increased in recipient lymphoid tissues, peaked at the time of rejection, and fell to basal levels thereafter, likely due to a combination of cell death and the clearance of antigen that drives proliferation. The physiological proinflammatory and proliferative cytokine milieu during surgical intervention and healing process may contribute to the observed increase in TIM-3 + Tregs in dLNs of syngeneic graft recipients on day 7, which is significantly lower than that for allogeneic graft recipients. Indeed, TIM-3 + Tregs comprise a major proportion of skin graft-infiltrating Tregs. The TIM-3 + Treg subset is enriched for donor reactivity as (a) after DST, expansion of a donor-directed CD4 + FoxP3 + TIM-3 + Vβ6-TCR, but not Vβ8-TCR, Treg subset was observed in a tolerance-promoting model, wherein DBA/2 splenocytes (H-2d, Mlsa) transfused into BALB/c mice (H-2d, Mlsb) stimulated expansion of donorreactive Mlsa-specific Vβ6 + , but not Mlsa unresponsive An intracellular PD-1 protein pool is detected in resting Tregs, whereas cell surface expression of PD-1 is detected on activated Tregs (24) . Here, we have noted that 75% to 80% of TIM-3 + Tregs express cell surface PD-1 molecules in the dLNs of mice challenged with a skin allograft. Expression of inhibitory receptor PD-1 on Teffs is associated with imminent cell death. Tregs that coexpress TIM-3 in addition to PD-1 stain more intensely for cell surface phosphatidylserine and therefore appear more likely to perish than cells that are TIM-3 + PD-1 -. Senescent and dysfunctional characteristics of TIM-3 + Teffs that coexpress PD-1 have been well appreciated (13, 18, 19, 25) . Signaling through PD-1 plays an important role in the exhaustion of Teffs (15, 31) ; however, PD-1 expression on T cells may not always be indicative of T cell dysfunction (32) .
We tested the hypothesis that CD4 + FoxP3 + TIM-3 + Tregs, which are often PD-1 + like the CD4 + FoxP3 -TIM-3 + Teff population, are programmed for cell death and senescent, as detected by annexin V staining (a marker of early stage programmed cell death), or dead, as deduced by their failure to exclude vital dyes. In keeping with our prediction, 70% of CD4 + FoxP3 + TIM-3 + T cells were stained by annexin V; however, more than 95% were viable, as these cells exclude vital dyes. Thus, TIM-3 expression on Tregs unlike TIM- The presence of death molecules TIM-3 and PD-1 on this highly potent Treg subset may serve as a checkpoint, leading to the elimination of the TIM-3 + Treg subset after graft rejection. We asked what may account for the contraction of the TIM-3 + Treg subset after rejection. One factor must be disappearance of donor antigen after rejection. The sensitivity of TIM-3 + Treg to galectin-9 expressed on other graft-infiltrating mononuclear leukocytes may lead to death and contraction of TIM-3 + Tregs. While expression of other Treg effector molecules was increased on the TIM-3 + Treg subset, conspicuously the expression of galectin-9 was reduced drastically. We suspect that survival of the TIM-3 + galectin hi Treg subset is infrequent, because the expression of both the death molecules, TIM-3 and PD-1, and their ligands, galectin-9 and PD-L1, likely commit these cells to suicide.
In addition, this highly potent TIM-3 + PD-1 + galectin-9 lo Treg subset arises and expands in a microenvironment, as a result of continued T cell activation. Absence of antigen renders these annexin V + TIM-3 + and PD-1 + cells vulnerable to death, as they are programmed for apoptosis and are sensitive to galectin-9. The antigen-dependent disappearance of such a potent subset of immune-regulatory cells is suggestive of a homeostatic mechanism to deplete a highly potent Treg population that could otherwise hinder Teff immunity in the graft and dLNs.
Several biological effects have been attributed to the galectin-9/ TIM-3 interaction (17, 34-36) ; however, in addition to galectin-9, TIM-3 binds to at least one other unidentified ligand (37) . The loss of TIM-3 + cells is attributed to galectin-9-induced apoptosis, based on in vitro studies (13) , but a direct in vivo role has yet to be demonstrated directly. Our in vitro results are consistent with these findings, demonstrating that galectin-9 induces the loss of TIM-3 + Tregs. Su et al. recently demonstrated a dose-dependent, TIM-3-independent role for galectin-9 in the induction of apoptosis and cytokines in T cells. Wild-type and TIM-3KO Th1 cells were equally susceptible to galectin-9-induced apoptosis (38) . Conclusions regarding the biological effects of the galectin-9/TIM-3 axis have been drawn based on galectin-9 administration (39, 40) ; in such a situation it is difficult to distinguish between the TIM-3-dependent and -independent effects of galectin-9. TIM-3 is classically believed to be a death molecule, due to its binding to galectin-9; however, a ligand-independent role of TIM-3 has been demonstrated to enhance cytokine production and proliferation by primary T cells after stimulation through CD3 and CD28 (41) . TIM-3 + Tregs arising during the anti-allograft response are highly proliferative and have enhanced cytokine production, a function that seems to be independent of galectin-9.
Studying the ligand-receptor role of TIM-3 + Tregs by blocking the TIM-3/galectin-9 and PD-1/PDL-1 axes in transplant models suggested a concomitant affect on the TIM-3 + Treg and TIM-3 + Teff compartments. To study the role of galectin-9 and PDL-1 on the function and phenotype of TIM-3 + PD-1 + Tregs in vivo, a FoxP3 + Treg lineage-specific TIM-3 and PD-1 double knockout, and perhaps an alloreactive T cell receptor transgene, is necessary. Moreover, a deeper understanding of the role that ligand interactions play in modulating TIM-3 + Treg functions in transplantation also awaits the discovery of the second ligand of TIM-3.
Thus, in this study we describe a highly potent subset of Tregs arising in response to alloantigens and expressing death molecules TIM-3 and PD-1. Contrary to our hypothesis, Tregs expressing these death molecules were not functionally impaired as Tregs. Instead TIM-3 + PD-1 + galectin-9 lo Tregs vigorously proliferated and robustly expressed Treg functional molecules. As compared with TIM-3 -Tregs, the TIM-3 + Tregs manifested enhanced immunoregulatory effector properties, but following rejection, i.e., in the absence of donor antigen cells and perhaps owing to expression of the TIM-3 and PD-1 death molecules, the TIM-3 + Tregs did not persist. It is interesting that, as the allograft response progresses, Tregs become more potent and prominent and yet express death molecules. Noted in parallel with phosphatidylserine positivity, TIM-3 and PD-1 expression by Tregs may represent an activationinduced stage in differentiation, manifested by increased potency and a commitment death. In this way local immunoregulation by antigen-driven Tregs is likely heightened and then largely ablated, thereby allowing subsequent local immune reactions to take place without undo and potentially harmful restraint by Tregs. Thus, the activation-induced expression of TIM-3 and PD-1 is not likely crucial to their immunoregulatory effector properties. Instead, the expression of these molecules manifests after several waves of proliferation and is expressed parallel with cell surface phosphatidylserine, possibly reflecting a means by which proliferating, graft-infiltrating antigen-reactive Tregs are cleared from the environment. Thus, the surge of Tregs with increased potency after multiple waves of proliferation is balanced by ensuring their clearance. The apparent result of these events is to produce both potent and short-lived Tregs that are cleared from the microenvironment after rejection. Hence, the immune response to microbes within this microenvironment is not permanently hampered. 
Methods
Mice. C57BL/6 (H-2b), BALB/c (H-2d), and DBA/2 (H-2d) mice were purchased from The Jackson Laboratory, and BALB/c Rag2 -/-mice were purchased from Taconic Farms Inc. The C57BL/6 Foxp3-GFP knockin (C57BL/6-KI) and BALB/c Foxp3-GFP knockin (BALB/c-KI) mice have been previously described (42) . All animals were housed under standard conditions, and the studies were approved by the Animal Institutional Review Board at Beth Israel Deaconess Medical Center.
Antibodies. Anti-CD4 was purchased from BioLegend; anti-CD3, anti-CD28, anti-Vβ6, and anti-Vβ8 TCR were purchased from BD Pharmingen; and all other monoclonal antibodies were purchased from eBioscience. Anti-TIM-3 antibody clones RMT-3-23 and 8B.2C12 were used to stain TIM-3 in C57BL/6 and BALB/c mouse cells, respectively.
Cell preparation. CD4 + T cells were enriched from monodispersed splenic mononuclear leukocytes by negative selection using the EasySep Mouse CD4 + T Cell Enrichment Kit (Stem Cell Technologies). CD4 + subpopulations, namely CD4 + GFP(Foxp3) + , CD4 + GFP(Foxp3) -, CD4 + GFP(Foxp3) + TIM-3 + , and CD4 + GFP(Foxp3) + TIM-3 -cells, were obtained by cell sorting (BD FACSAria cell sorter, BD Biosciences).
Skin transplantation. Full-thickness skin grafts of 1 to 2 cm in diameter were obtained from the flanks of donor mice and transplanted onto the lateral thorax of recipients (43) . Graft rejection was defined as the first day on which the entire graft was necrotic (43) .
Cell staining and flow cytometry. Donor strain monodispersed spleen and LN mononuclear leukocytes were suspended in FACS buffer (PBS [Cellgro] with 1% FBS [Gemini Bio-Products]). To block Fc receptormediated binding of antibodies, mononuclear leukocytes were suspended in FACS buffer with 5% mouse serum (Sigma-Aldrich) for 20 minutes. These cells were washed, placed on ice for 30 minutes, and stained with fluorochrome-conjugated antibodies. Cells were washed twice in buffer and isolated using the LSR II flow-cytometer (BD Biosciences). Data analysis for these experiments was performed using FlowJo software (Tree Star). All cells obtained by collagenase digestion of the allograft were also analyzed by flow cytometry. CD4 + GFP + cells constitute a small number of cells obtained from the graft, and, hence, TIM-3 + Treg count was also low, accounting for the low-quality histogram. In some studies, 2 mg BrdU (BD Pharmingen) was injected i.p. 24 and 12 hours prior to harvesting tissue, and intracellular BrdU staining was analyzed as specified by the manufacturer. In the flow cytometric experiments, total cell counts were determined using Absolute Counting Tubes BD TruCount (BD Biosciences) as specified by the manufacturer. Intracellular staining for IL-10 was performed on LN cells after activation with Leukocyte Activation Cocktail (BD Biosciences) and following cell permeabilization and fixation with the BD Cytofix/ Cytoperm Fixation/Permeabilization Solution Kit (BD Biosciences) using the manufacturer's protocol.
DST. On day 0, BALB/c-KI mice received DST i.v. with 10 7 DBA/2 or BALB/c splenic cells. On day 5 after transfusion, recipient spleen cells were analyzed by flow cytometry for expression of GFP(Foxp3), TIM-3, and Vβ6 or Vβ8 TCR molecules. For studies in lymphopenic mice, splenic CD4 + GFP(Foxp3) + TIM-3 -cells were sorted from BALB/c-KI mice 5 days after DBA/2 DST. CD4 + GFP(Foxp3) + TIM-3 -cells (0.5 × 10 6 cells per mouse) were injected i.v. into BALB/c Rag2 -/-mice, which had been previously grafted with full-thickness DBA/2 body skin. Three weeks later recipient, spleen cells were analyzed by flow cytometry.
Real-time quantitative PCR. Total cellular RNA was extracted using RNeasy Mini and Micro Kits (Qiagen) and reverse transcribed into cDNA by the ABI PRISM TaqMan reverse transcription method. Expression for genes of interest was analyzed in CD4 + GFP(Foxp3) + TIM-3 + , CD4 + GFP(Foxp3) + TIM-3 -, and CD4 + GFP(Foxp3) -TIM-3 + cell populations on day 7 after transplantation by cell sorting from graft dLNs of C57BL/6 Foxp3-GFP-KI mice grafted with BALB/c skin. Primer sequences were obtained from the Harvard Medical School Primer Bank database (http:// pga.mgh.harvard.edu/primerbank/) and then purchased from Integrated DNA Technologies Inc. Quantitative real-time PCR was performed via ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). Transcript levels were calculated according to the 2 -ΔΔCt method, normalized to the expression of GAPDH, as described by the manufacturer, and expressed in arbitrary units.
Induction and expansion of TIM-3 + Foxp3 + Tregs in vitro. Sorted splenic CD4 + GFP(Foxp3) + , CD4 + GFP + (Foxp3 + )TIM-3 + , or CD4 + GFP(Foxp3) + TIM-3 -cells from untreated C57BL/6 mice were cultured in complete media (RPMI 1640 medium supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, 2 mM glutamine, 1 mM MEM-sodium pyruvate, 0.1 mM nonessential amino acids, and 50 μM 2-β mercaptoethanol) with soluble anti-CD28 mAb (1 μg/ml) in the presence or absence of plate-bound anti-CD3 mAb (10 μg/ml) and IL-2 (10 ng/ml) (eBiosciences or PeproTech Inc.) for 4 days. Induction of TIM-3 + Foxp3 + expression was determined by flow cytometry by gating on the CD4 + GFP + (Foxp3 + ) cells and presented as the percentage of total CD4 + Foxp3 + cells. CD4 + GFP + (Foxp3 + )TIM-3 + cells were interacted with anti-PD-1 antibody, annexin V (eBioscience), and LIVE/DEAD-blue (LDB) (Invitrogen) as per the manufacturer's instructions and then analyzed by flow cytometry.
Cell death analysis after interaction with galectin-9. Purified splenic CD4 + GFP(Foxp3) + cells were obtained by sorting on day 7 after transplantation from C57BL/6-KI mice grafted with BALB/c skin. Cells were plated for 4 hours at a density of 2 × 10 5 cells per well in the presence of PBS or 0.5 μM galectin-9 (gift from GalPharma Co. Ltd.) as described previously (13) . The impact of galectin-9 interaction on survival of CD4 + GFP(Foxp3) + TIM-3 + and CD4 + GFP(Foxp3) + TIM-3 -cells was evaluated by staining with annexin V and LDB using manufacturer's instructions.
MLR-based cell suppression assay and in vivo suppression study. Stimulator cells (1 × 10 5 cells per well) were obtained from BALB/c splenic mononuclear leukocytes by depletion of T cells using the EasySep
Figure 6
Adoptively transferred TIM-3 + Tregs prolong graft survival less profoundly in an in vivo suppression assay compared with TIM-3 -Tregs. BALB/c-KI-TIM-3 + /TIM-3 -Tregs were sorted from spleens of DBA/2 DST-injected BALB/c mice. Teffs with or without TIM-3 + /TIM-3 -Tregs (Teff/Treg, 2:1) were adoptively transferred into DBA/2-grafted BALB/c-Rag2 -/-mice, and graft survival was recorded. The survival of grafted skin was prolonged in both Treg-and Teff-injected groups, albeit graft survival was more prolonged by TIM-3 -Tregs in comparison to TIM-3 + Tregs. n = 2 independent experiments, total of ≥ 6 mice per group.
